High-resolution spectrometry of charged particles from inertial-confinement-fusion ͑ICF͒ experiments has become an important method of studying plasma conditions in laser-compressed capsules. In experiments at the 60-beam OMEGA laser facility ͓T. R. Boehly et al., Opt. Commun. 133, 495 ͑1997͔͒, utilizing capsules with D 2 , D 3 He, DT, or DTH fuel in a shell of plastic, glass, or D 2 ice, we now routinely make spectral measurements of primary fusion products ͑p, D, T, 3 He, ␣͒, secondary fusion products ͑p͒, ''knock-on'' particles ͑p, D, T͒ elastically scattered by primary neutrons, and ions from the shell. Use is made of several types of spectrometers that rely on detection and identification of particles with CR-39 nuclear track detectors in conjunction with magnets and/or special ranging filters. CR-39 is especially useful because of its insensitivity to electromagnetic noise and its ability to distinguish the types and energies of individual particles, as illustrated here by detailed calibrations of its response to 0.1-13.8 MeV protons from a Van de Graaff accelerator and to p, D, T, and ␣ from ICF experiments at OMEGA. A description of the spectrometers is accompanied by illustrations of their operating principles using data from OMEGA. Sample results and discussions illustrate the relationship of secondary-proton and knock-on spectra to capsule fuel and shell areal densities and radial compression ratios; the relationship of different primary fusion products to each other and to ion temperatures; the relationship of deviations from spherical symmetry in particle yields and energies to capsule structure; the acceleration of fusion products and the spectra of ions from the shell due to external fields; and other important physical characteristics of the laser-compressed capsules.
I. INTRODUCTION
Charged-particle spectrometry is an important method for studying inertial-confinement-fusion ͑ICF͒ plasmas, because of the close relationship between plasma conditions and particle spectral characteristics. In a ''direct-drive'' ICF experiment, such as those at the 60-beam OMEGA laser facility, 38 a small capsule containing an appropriate fuel is directly illuminated by many laser beams which deposit energy on the capsule shell during a short time interval. The laser energy ablates away the outer part of the capsule shell ͑or ''ablator''͒, driving the remainder of the shell inward. The result is compression or implosion of the fuel, which reaches temperatures and densities necessary for fusion reactions. In addition to neutrons, these reactions produce charged particles whose numbers and energy spectra are directly related to the properties of the compressed plasmas formed by the high-density, ionized fuel and the ionized shell. Their spectra provide direct information about primary yields, fuel and shell temperatures, fuel and shell areal densities, implosion symmetry, and external electric fields in specific experiments, as well as information of general interest on such topics as the slowing down of energetic ions in plasmas.generated mostly by thermonuclear reactions and by elastic scattering by fusion neutrons ͑''knock-on'' processes͒, with energies ranging from a few keV to 31 MeV. Most of these particles are generated mostly during a short ''burn'' interval, which is ϳ150 ps long at OMEGA. In addition, ions with energies up to about 1. 4 MeV are generated by laser-plasma interactions in the shell of direct-drive ICF target capsules. 32 A list of specific charged particles of interest in ICF experiments is presented in Sec. II.
Detectors for these charged particles in spectrometers must meet a number of requirements including high detection efficiency, large dynamic range, good energy resolution, insensitivity to background radiation ͑neutrons, x rays and ␥ rays͒, and insensitivity to electromagnetic noise. Some work has been done with scintillation counters ͑obtaining spectral information via time-of-flight͒;
1,3-6,11,13,17 with nuclear emulsions; 20 and with LR115 cellulose nitrate track detectors, 2 pin diodes, 14 or charge-coupled devices 27, 39 in conjunction with a magnet. CR-39 nuclear track detectors [40] [41] [42] [43] [44] [45] [46] [47] [48] have been used in most recent ICF applications, 7-10,12,14 -16,19,21-25,27,29-37 and the object of this article is to provide a technical description of the specific methods that have been developed for a wide range of applications at OMEGA. 14, 19, 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] To maximize the utility of CR-39 in these applications, a detailed study of its response to charged particles has been undertaken utilizing particles from an accelerator and particles from OMEGA experiments as described in Sec. III. The design of spectrometers based on CR-39 is outlined in Sec. IV, and the use and utility of these instruments is described with representative data from a range of ICF experiments at OMEGA in Secs. V and VI.
II. CHARGED PARTICLES FROM ICF IMPLOSIONS
The fuel capsules in most current OMEGA experiments contain some combination of deuterium, tritium, 3 He, and occasionally hydrogen, in gas form ͑at pressures up to about 20 atm͒, within a thin, spherical shell at room temperature. The shell is usually made of either plastic ͑CH͒ or glass, though occasionally part or all of it is made of deuterated plastic ͑CD͒. The capsules are typically about 1 mm in diameter, and the shell thickness varies from a few m to 33 m. Cryogenic D 2 -filled capsules with D 2 -ice shells and a thin CH outer layer are also beginning to be used. 49 After exposure to a laser pulse of order 1 ns long, depositing of order 23 kJ of energy, the capsules are compressed to 1/10 or less of their original diameters. The fuel reaches a temperature of several keV and a density of order 10 24 ions/cm 3 . 50 Charged particles from these capsules include products of primary, secondary, and tertiary fusion reactions; ''knockon'' ions from the fuel or shell that have been elastically scattered by primary neutrons, and ions from the ablator plasma. Table I lists many of the processes and particles of interest, while examples of measured spectra and demonstration of diagnostic use will be presented in Secs. V and VI. Primary fusion reactions can produce charged particles through reactions ͑1͒-͑8͒ in Table I , depending on the fuel constituents. The yields of the different products are determined by the fusion rate coefficients shown in Fig. 1 , which vary with ion temperature. The spectra of the charged primary fusion products have discrete lines at well-defined birth energies. The measured yields of these particles provide fundamental information about implosion performance ͑the temperatures and densities reached͒. The measured energies indicate how much energy was lost by the particles while passing out of the target capsule, and therefore give information about the burn-averaged fuel and shell areal density, or ͗R͘, as will be discussed in Sec. VI.
Secondary fusion products result from sequential reactions in which energetic primary products of reactions ͑1͒ or ͑2͒ undergo fusion reactions with thermal deuterons in the fuel. Reactions ͑9͒ and ͑10͒ produce secondary particles with spectra which are spread over significant energy intervals because of the kinetic energy of the primary reactants ͑Fig. 2 illustrates a secondary-proton birth spectrum͒. The yields ͑typically of order 10 Ϫ3 per primary reaction͒ and the mean energies can be used to study the burn-averaged fuel and shell ͗R͘. 16, 18, 22, 34 When the fuel contains D and T, charged knock-on particles are generated by elastic scattering of 14.1 MeV DT neutrons with the surrounding fuel and shell material through the secondary processes ͑11͒-͑14͒. The energy spectra of the scattered particles are continua, with upper endpoints determined by kinematics; the shapes of the birth spectra are shown in Fig. 3 . Scattered deuterons and tritons from the fuel Laser-plasma Ablator protons* ͓рϳ1. 4 MeV͔ interaction Nonhydrogenic ablator ions* ͓depending on shell material͔ a Reaction ͑9͒ is preceded by reaction ͑2͒, reaction ͑10͒ is preceded by reaction ͑1͒, reactions ͑11͒-͑14͒ are preceded by reaction ͑3͒, and reactions ͑15͒-͑18͒ are preceded by reaction ͑2͒. b Reaction ͑19͒ is preceded by reactions ͑3͒ and ͑12͒.
have energies reaching 12.5 and 10.6 MeV, respectively, while scattered protons from the shell ͑if the shell contains hydrogen͒ reach 14.1 MeV. The yields of the knock-on deuterons and tritons are proportional to the burn-averaged fuel ͗R͘, 7, 10, 15, 33 while the knock-on protons give information about the burn-averaged shell ͗R͘. 33 The knock-ons have yields 3-4 orders of magnitude below the yields of the primary products for OMEGA conditions.
Tertiary fusion products can also result from the three sequential reactions ͑3͒, ͑12͒, and ͑19͒, producing protons with energies reaching 31 MeV. 26, 28 These reactions are not relevant for current OMEGA experiments because of low yields, but they could be useful with the higher yields expected in the future because they can pass out of a capsule with very high areal density and provide diagnostic information in situations where lower-energy protons cannot.
The spectrum below 1 MeV is usually dominated by charged particles from the shell plasma that have been accelerated to energies as high as 1.4 MeV. 32 These accelerations are due to hot-electron-producing laser-plasma interactions in the target corona which generate transient electric fields via charge separation. Charged fusion products passing through the corona when such fields are present have been observed to be accelerated by up to several hundred keV ͑as discussed in Sec. VI A, this is not an issue for ''ICFrelevant'' capsules͒.
In summary, we see that study of the charged particles tabulated in Table I requires sensitivity to protons up to about 18 MeV ͑or 31 MeV, for tertiary protons͒; deuterons up to 13 MeV, tritons and 3 He to 11 MeV, and alphas to at least 7 MeV. In Secs. III and IV we describe how this is done.
III. CHARGED-PARTICLE DETECTION WITH CR-39

A. Interaction of charged particles with CR-39
CR-39 [40] [41] [42] [43] [44] [45] [46] [47] [48] is a clear plastic whose chemical composition is C 12 H 18 O 7 . When a charged particle passes through, it leaves a trail of damage along its track in the form of broken molecular chains and free radicals. The amount of local damage along the track is related to the local rate at which energy is lost by the particle (dE/dx, where x is distance along the track͒. The length of the track is the range of the particle in the plastic. Particle tracks can be made visible by etching the CR-39 in NaOH. The surface of the plastic is etched away at a ''bulk etch rate'' V B , while damaged material along particle tracks etches at a faster ''track etch rate'' V T . If the particle entered normal to the plastic surface, the result is a conical pit with a sharply defined, round entrance hole and a pointed bottom. With increased etching time, the diameter and depth of the pit increase as long as the depth remains smaller than the total length of the track. This pit then shows where the particle entered, and its diameter provides a measure of dE/dx for the particle.
Since dE/dx is different for particles of a given type but different energies, the diameter provides a measure of incident energy. dE/dx is also different for different particle types, so diameters can often be used to identify the particle type if the energy is known. In either case, it is necessary to have a well-defined method for measuring the dimensions of the pits ͑generally called tracks͒ and a well-defined relationship between measured dimensions and particle characteristics.
In the following subsections we discuss how these measurements were made and how their relationship to particle properties was determined through calibration experiments , where the energy is the scattered ion energy. The spectra of scattered particles emerging from an ICF capsule should have similar shapes, but will be distorted by energy loss in the plasma. For deuterons and tritons, the yield will be characterized here by the integral under the high-energy peak, from the energy where the yield is a minimum to the high-energy endpoint. For protons, the yield will be characterized by the number of particles per MeV.
in which CR-39 was exposed to particles of known properties, either from an accelerator or from an ICF experiment. The sources of noise in CR-39 data are discussed, together with methods of minimizing the effects of noise on data analysis. Finally, the detection efficiency for different charged particles under practical circumstances is discussed. The characteristics of CR-39 can vary slightly according to fabrication methods; the material used here was the product of Track Analysis Systems Limited.
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B. Processing CR-39
Track diameters after etching depend on the NaOH molarity, the NaOH temperature, and the etch time. It is desirable to choose these parameters for optimal detectability of tracks, using the fact that larger track diameters and depths generally result from larger values of the ratio V T /V B . In the work described here, a molarity of 6.0 is used because V T /V B peaks at concentrations of ϳ6.25 molar NaOH ͑at temperatures above 60°C͒. 44 The etch-rate ratio rises monotonically with temperature, and we use a temperature of 80°C maintained in glass tubes in a thermostatically controlled water bath. The etch time is 6 h unless otherwise noted; shorter etch times are occasionally used to restrict track diameters at high particle densities in order to reduce track overlap.
For repeatable results, the etch parameters must be tightly controlled. A check on consistency is incorporated by exposing a small, signal-free area on the backside of each piece of CR-39 to 5.5 MeV alphas ͑from a 0.1 Cu
241
Am source͒ prior to etching. The tracks of these alphas should always etch to the same diameter, and if they don't ͑due to variations in either etch conditions or CR-39 characteristics͒ corrections can be made to other measured diameters by appropriate scaling.
After being etched, rinsed, and dried, the CR-39 is inspected on an optical microscope with transmission lighting and infrared-blocking filters. The area that must be studied is usually large, so a computer-driven scan of many microscope frames is used. The microscope objective generally has a magnification of 20; higher magnification gives better spatial resolution but greatly increases the time required to study a useful area of CR-39. Digital images ͑such as that shown in Fig. 4͒ are captured by a charge coupled device ͑CCD͒ camera. The camera in use for this study has 640ϫ480 pixels, each of which corresponds to an area of 0.64 mϫ0.64 m in the focal plane with a 20ϫ objective ͑a planned upgrade to a higher-resolution camera will increase the information content of images͒. Consistent microscope focus is critical, and the optimum relationship between the focal plane and the CR-39 surface should be maintained within a few microns.
Image analysis is performed in software. Our requirements for track characterization are simplified by the fact that our applications involve particles entering the CR-39 on trajectories normal to the surface, so tracks are nominally circular ͑for a different approach geared to tracks of particles entering obliquely, see Ref. 46͒ . Tracks appear as dark circles on a light background; the perimeter of each track is identified as the location at which the image intensity drops below a specified ''boundary threshold,'' for which we typically use 85% of the median background intensity. In addition to the location of each track, three other parameters are recorded: the diameter, the optical contrast, and the eccentricity. The diameter is calculated from the track area, and is of paramount importance because of its relationship to particle energy. The optical contrast is calculated as the deviation from background brightness as a percentage of background brightness. The contrast is important partly because it sometimes gives information about the energy of the particle ͑see below͒ and partly because it helps differentiate between real particle tracks ͑which tend to be dark͒ and false events ͑which are often lighter in appearance͒. Eccentricity can be calculated from the shape of the boundary in a number of ways, to quantify deviation from circularity. This information is useful for identifying multiple events ͑two or more tracks that touch each other͒ and for discriminating against debris and defects that have noncircular shapes. C. Accelerator-based calibration of CR-39 response to protons
Track diameters
The response of CR-39 to protons with energies up to 13.8 MeV was studied at the 2 MeV Van de Graaff accelerator at the SUNY Geneseo Nuclear Structure Laboratory using the experimental setup shown in Fig. 5 . Individual pieces of CR-39, each exposed to protons with one energy, were processed as described above ͑exposure to 5.5 MeV alphas, etching, and scanning with a microscope͒. To account for modest variations in etching conditions, the diameter of each track was multiplied by the ratio of the reference-alpha-track diameter for the sample piece to the reference-alpha-track diameter averaged over all pieces. Figure 6 shows the measured dependence of track diameter on incident proton energy. Tracks were seen and quantified for proton energies up to 9.3 MeV. The curve peaks at about 0.7 MeV, where proton tracks have diameters of about 20 m ͑for the etch conditions described above͒. A model described in Refs. 43 and 29 was used to fit the experimental data, and the result is shown as the solid line in Fig. 6 . The details of the model are not important here; it is used only to provide a smooth function that will represent the empirical relationship between proton energy and track diameter. 
Track contrast
The curve in Fig. 6 gives a diameter for each proton energy, but does not give a unique energy for each diameter. It turns out that it is often possible to discriminate between tracks of the same diameter but different energies on the basis of the optical contrast of the tracks; the track of the lower-energy particle is generally shallower and is less black in a microscope image. This is illustrated in Fig. 7 , which is a contour plot of the number of detected tracks as a function of track diameter and track contrast for an experiment in which 13.8 MeV protons from the accelerator passed through an aluminum filter shaped like a wedge before hitting a piece of CR-39. The filter thickness varied from 400 to 1800 m, with the result that the CR-39 was exposed to protons of all energies between 0 and 10.7 MeV. The figure shows a clear separation between two classes of tracks in the diameter interval 7-17 m, corresponding to the two sides of the peak in the diameter-versus-energy curve in Fig. 6 .
The contrast characteristics illustrated in Fig. 7 are not universal, because they correspond to a microscope with specific optical adjustments and a CCD camera with a specific linearity characteristic ͑and are also affected by etch conditions͒. Such plots need to be generated for each microscope system, and used to determine the contrast limits that can be used without missing tracks of a given diameter. As we will discuss below, this is important for many applications that result in a mixture of real data and noise. It is then desirable to use the tightest possible contrast limits to minimize noise, while taking care to avoid losing real data.
Track eccentricity
There are different ways to quantify the eccentricity of particle tracks in CR-39. For purposes of this discussion, we will define it as the ratio Eccentricityϵ ͱ ͓͐dr͐d͑ r, ͒sin 2͔ 2 ϩ͓͐dr͐d͑r, ͒cos 2͔ 2 ͐dr͐d͑r, ͒ , ͑20͒
where (r,) is 1 everywhere inside the track and zero outside, and r and are polar coordinates defined with respect to the ''center of mass'' of the track. Large eccentricity can indicate that a track is due to a particle that did not impact the CR-39 normal to the surface; that tracks of two or more particles overlap; or that an apparent track is not due to a particle ͑but to debris or other surface imperfections͒. Since processed images of the CR-39 are digitized, small tracks that should be perfectly circular can appear to be eccentric due to the finite number of pixels defining them. Illustrated MeV. An accelerator beam of either protons or deuterons impinged on a target containing either gold, deuterium, or 3 He; protons emitted from the target at an angle of 135°from the initial beam direction were selected by two 3/16 in. diam apertures, each placed about 9 cm from the target. A surface barrier detector ͑SBD͒ was mounted behind one of the apertures, to monitor proton flux and energy, while a CR-39 detector was exposed behind the other aperture. Low-energy protons, from 0.1 to 1.3 MeV, were produced via Rutherford backscattering of accelerator protons on a gold target; the accelerator beam energy was varied to produce the desired energy of backscattered proton at the detectors. Protons with energies of 1.3-2.5 MeV were produced by making 2.5 MeV protons via the D͑D,T)p reaction, initiated with 450 keV deuterons on a deuterium target, and then ranging down the energy as required with aluminum and Mylar filters. Protons with energies of 2.5-13.8 MeV were produced by making 13.8 MeV protons via the D( 3 He,␣)p reaction with a 3 He target, and ranging down the energy as required with filters. In most cases, the SBD was used to directly measure the proton energy as incident on the CR-39 by covering it with a duplicate of any filter placed in front of the CR-39. When this was not possible, energy loss due to filters was calculated with the program TRIM ͑Refs. 54 and 55͒.
FIG. 6. Measured diameters of tracks in CR-39 for accelerator-generated protons with energies ranging from 0.3 to 9.3 MeV. The solid line is the best fit to the data using the model described in Refs. 43 and 29 . From the fit, a bulk etch rate of 2.0Ϯ0.1 m/h was estimated for 6.0 molarity NaOH held at 80°C. The dependence of dE/dx for protons in CR-39 has a form similar to the model fit, except that the peak value ͑at the Bragg peak͒ is at a lower energy ͑about 0.1 MeV͒.
in Fig. 8 , this effect will become less important with a higher-resolution camera.
D. ICF-based calibration of CR-39 response to deuterons, tritons, and alphas
The response of CR-39 to deuterons, tritons, and alpha particles ͑as well as protons͒ has been tested by using particles generated in ICF experiments at OMEGA, through reactions ͑1͒, ͑5͒, ͑12͒, and ͑13͒. The energy of the particles was determined by their trajectories in the magnet-based spectrometers discussed in Sec. IV, although the particles also passed through a filter in front of the CR-39 and the program TRIM 54, 55 was used to determine how much energy was lost before the particles hit the detector. Figure 9 shows the diameter as a function of incident energy for these particles. More details of these experiments, and the physics implications of the measurements, are discussed below in Sec. V.
E. Sources of noise and background signal in CR-39 data
In applications of CR-39 on OMEGA, we find several types of tracks that do not represent the particles we are trying to study. These contribute noise to the measurements, and since all of the ''noise'' events are counted as positive events they add up to a background level that must be subtracted from the total number of tracks. The sources of noise discussed below are not intrinsically position dependent, so the background is usually assumed constant over the active area of a piece of CR-39 ͑subject to statistical fluctuations͒. It is frequently necessary to measure the background as a function of track diameter, because data analysis sometimes involves the use of different diameter ranges at different positions on the CR-39 ͑this will be seen in Figs. 21, 23, and 24͒.
''Intrinsic'' noise and debris
One type of noise is due to defects in the CR-39 that look similar to real particle tracks after etching; we call this intrinsic noise. In addition, images of CR-39 sometimes include structure due to dust or debris on the surface ͑some-times debris is generated when the CR-39 is cut to the desired size before use͒. It is sometimes hard to discriminate against intrinsic noise by eye, and since automatic computer processing of images is desirable the issue of automatic identification arises. Up to several hundred intrinsic noise tracks per cm 2 can sometimes be seen in the CR-39 material with typical contrast thresholds, and this becomes a problem when the number of particles to be studied is small. Some of the intrinsic noise tracks are shallow, resulting in a fairly low optical contrast. Figure 10 shows the intrinsic noise for four different unexposed CR-39 detectors, etched as described above, as a function of optical contrast threshold. It can be seen that the number of recorded events increases as the contrast threshold is reduced. 
Neutron-induced noise
Neutrons are produced in many of the reactions that produce the charged particles of interest here, and they interact with CR-39 via elastic scattering to produce recoil particles such as protons, carbon nuclei, and oxygen nuclei. From 14.1 MeV neutrons, charged particles can also be created in the CR-39 through nuclear reactions such as (n, p), (n,␣), and (n,2␣)␣. These charged recoil particles and reaction products can produce tracks in etched CR-39 that are indistinguishable from those due to the charged ICF reaction products under study. To determine the precise nature of this neutron-induced noise in our implementation of CR-39, we recently completed a detailed study of its response to DD and DT neutrons from implosions at OMEGA. 56 Figure 11 shows diameter histograms for tracks in CR-39 due to neutron-induced events in two typical experiments. For DD implosions, the histogram is dominated by tracks due to recoil protons with energies up to 2.5 MeV, with track diameters up to 20 m. For DT implosions, the diameter histogram includes recoil proton tracks with diameters up to about 20 m; but there are other tracks with diameters exceeding the 20 m maximum due to protons. This indicates that DT neutrons produced alpha particles and recoil carbon and oxygen ions, in addition to recoil protons, by interacting with the CR-39. The alpha particles produce tracks up to about [25] [26] m, while the carbon and oxygen nuclei produce tracks that are even larger.
With our standard etch conditions, it was found that the detection efficiencies for DD and DT neutrons are about 1.1ϫ10 Ϫ4 and 4.0ϫ10 Ϫ5 , respectively, on the CR-39 front side if counted tracks are limited to those with contrast у65% and eccentricity р15% ͑we note that the number of neutron-induced tracks seen on the front surface grows linearly with etch time; since recoil particles are scattered preferentially in the forward direction, the volume of CR-39 producing scattered particles seen at a given depth is proportional to that depth.͒. These results are in approximate agreement with other studies. 57 Since the yields of primary charged particles in the ICF experiments are generally comparable with the primary neutron yields, the neutrongenerated ''noise'' or background is only 10 Ϫ4 of the signal from the primary particles and not very important. But secondary fusion products ͓Eqs. ͑9͒ and ͑10͔͒ and knock-on particles ͓Eqs. ͑11͒-͑18͔͒ typically have yields on the order of 10 Ϫ3 times the primary yields, so neutron noise is of order 10% of the true signal due to these particles.
F. Detection efficiency in practical applications
When contrast limits are adjusted so they don't exclude proton tracks of a given diameter, the accelerator data show that 100% detection efficiency is achieved for protons of the corresponding energy as long as the incident proton trajectory is normal to the surface of the CR-39. As shown in Sec. V D, 100% detection efficiency can also be obtained for alpha particles. In practice, there is an upper limit on the energies of particles that can be studied no matter what analysis techniques are used, because higher-energy particles have low values of dE/dx and result in tracks that are too small to be conveniently detected and characterized with an optical microscope ͑for protons, that energy is about 10 MeV͒. 45 In addition, the detection efficiency is zero for charged particles whose angle of incidence exceeds a critical value. 42, 45 It is often desirable to impose limits on track diameter, track contrast, and/or track eccentricity to minimize response to intrinsic noise and neutron noise, though this can result in a compromise in which the signal-to-noise level is improved but the detection efficiency is reduced. Eliminating tracks with diameters larger or smaller than those of interest for a given charged particle can lead to rejection of some intrinsic noise and neutron-generated noise without a decrease in detection efficiency. Eliminating tracks with low optical contrast can reduce intrinsic noise, but can also reduce the efficiency of detection of tracks from the particles under study if they are close to the low or high energy detection limits; Figure 12 shows detection efficiency as a function of proton energy for different contrast thresholds. Limiting eccentricity is useful because our experiments are all set up to ensure that particles under study have trajectories approximately normal to the CR-39 surface, generating circular tracks; many tracks due to intrinsic noise or debris are noncircular, and the same is true of some neutron-induced events ͑since recoil particles and reaction products which do not travel in the forward direction produce eccentric tracks͒. Thresholds for eccentric- ity must be set to account for the small amount that results from not-quite-normal trajectories and for the eccentricity measured for the smallest tracks as a consequence of image digitization ͑as shown in Fig. 8͒ . The best approach is to apply an eccentricity limit that varies with track diameter, being constant above some diameter limit ͑typically 8 or 10 m͒ and then increasing as the diameter decreases.
In special circumstances where the thickness of the CR-39 is smaller than the range in CR-39 of the particle under study, another method can sometimes be used to minimize contributions of noise to data. 16 If the energies of the particle at impact on the front and on leaving the reverse both fall into the range of detection sensitivity, then there should be discernable tracks on both surfaces which line up with the trajectory of the particle. Intrinsic noise should be uncorrelated on the two surfaces, and neutron-generated noise should be less correlated than the desired particle data because knock-on protons are distributed in angle. Counting only those tracks with counterparts on the reverse therefore improves the signal-to-noise ratio.
G. Anomalies
Anomalies in the proton-track diameter distribution have occasionally been observed, especially when CR-39 has been exposed to x rays and/or heat ͑when diameters are smaller than normal͒. Alteration of CR-39 characteristics by x rays is discussed in Ref. 58 . Anomalously small track sizes have also been seen in a few rare cases when x rays were not present. These anomalies are not totally understood; they can often be compensated for in data analysis if corresponding size anomalies are observed for another particle species.
H. Summary
In summary, CR-39 can be an efficient detector of the charged particles of interest in ICF experiments. Due to the dependence of track diameter on particle energy, the track size distribution automatically provides some spectral information for protons, deuterons, and tritons. While the energies of interest for heavier ions fall within the range of sensitivity of CR-39, protons from many reactions have energies that are too high for direct detection. In these cases, it is necessary to use a filter in front of the CR-39 to reduce proton energy by a known amount. In the next sections we will see how the characteristics of CR-39 discussed here make possible a wide range of useful spectroscopic measurements.
IV. SPECTROMETRY OF CHARGED PARTICLES FROM OMEGA USING CR-39
A. Magnet-based spectrometers
There are two magnet-based charged-particle spectrometers ͑CPSs͒ on OMEGA, each utilizing a 7.6 kG permanent magnet as shown in Fig. 13 and described in detail in the figure caption. After entering through an adjustable entrance aperture, each charged particle passes through the magnetic field along a trajectory determined by its gyroradius R gyro before impacting particle detectors. The position at which it is detected can be characterized by R gyro or by its square, which is proportional to the particle's energy E through the relationship
where A is the atomic mass, and Z is the atomic number. If A and Z are known, the energy can be determined directly from the detection position. The magnet was designed for values of (A/Z 2 )E extending from 0.1 to 30 MeV, and protons, deuterons, tritons, 3 He, and alpha particles have been studied as we shall see. Special-purpose magnet-based spectrometers with more limited ranges of application have been used previously for 3.5 MeV DT alpha particles ͑using LR115 cellulose nitrate track detectors͒, 2 for protons from an intense proton beam ͑using CR-39 and pin diodes͒, 14 and for 3 MeV DD protons ͑using CR-39 detectors͒. A proton or other charged particle passes through a collimating aperture ͑not shown͒ before entering the magnet, where its trajectory is determined by its gyroradius. After leaving the magnet, the particle is stopped in CR-39 ͑not shown͒. The magnets were fabricated by the Dexter Corporation ͑Ref. 59͒, and utilize magnetic material constructed of multiple pieces of Nd-Fe-B which are epoxied together. Steel pole faces smooth out inhomogeneities in the fields in the gap ͑where uniformity is ϳ2%͒, while a steel yoke and careful gap design result in minimal fringing fields ͑1000 and 250 G at 2 and 4 cm from the magnet edge, respectively͒. The size of the magnet was minimized to allow mounting in a re-entrant module inside the OMEGA target chamber; the longest dimension is 28 cm, the gap width is 2 cm, and the weight is 160 lb. The force between the poles is 6400 lb.
The original concept for the CPSs included the use of CR-39 detectors.
14 The first actual instrument was designed for use with electronic particle detectors, 27, 39 but it was eventually implemented with CR-39 detectors when it became apparent that they offered advantages of detection efficiency, coverage of large areas, energy resolution, and immunity to electromagnetic transients. 29 Since CR-39 is 100% efficient only for detecting protons in the interval from about 0.5 to 6 MeV under typical etch and scan conditions, it is necessary to use a filter in front of the CR-39 to range down the energy of any proton whose energy exceeds 6 MeV. Figure 14 illustrates the energies that get ranged down to the interval of sensitivity by aluminum filters of different thicknesses.
As will be seen in Secs. V and VI, particles with the same gyroradius but different mass and/or charge produce different signatures in CR-39; this makes possible the simultaneous measurement of spectra of different particles even when their trajectories in a CPS overlap ͓as in the case of the 3 MeV protons, 3.6 MeV alphas, and 1 MeV tritons generated in a DT plasma through reactions ͑1͒ and ͑3͔͒.
The dynamic range of the CPSs is determined by the size of the entrance aperture, the distance from the target, and the minimum and maximum number of particles per unit area that can be utilized on the CR-39. The entrance aperture is 15 mm long ͑in the direction transverse to the magnet dispersion͒ and has a width that can be varied from 1 to 10 mm, depending on expected flux levels, giving solid angles between 10 Ϫ6 and 10 Ϫ5 when placed 100 cm from the target. The instruments can then be used with yields from 10 7 per MeV to more than 10 13 per MeV. The absolute energy calibration is accurate to about Ϯ0.02 MeV at 3 MeV and Ϯ0.1 MeV at 15 MeV. 31 The response function for a monoenergetic proton beam of a given energy is a square box whose width is determined by the width of the entrance aperture; with a 1 mm aperture, the box has a standard deviation about the mean energy of 0.013 MeV for 3 MeV protons and 0.19 MeV for 15 MeV protons.
B. Simple range-filter spectrometers
A piece of CR-39 can be combined with a fixedthickness filter to form a ''range-filter'' ͑RF͒ assembly, which can be used in different ways to study protons or other charged particles. The first way involves the measurement of a particle yield in a narrow energy band by counting the number of tracks per unit area on the CR-39. Let E i be the energy of protons incident on an aluminum filter of thickness t, and let E c be the energy of the protons after transmission through the filter. The relationship between E i , t, and E c can be written
and is shown graphically in Fig. 15 . Protons with energy E c at CR-39 can be efficiently detected in the interval from about E c ϭ0.5 to 7 MeV, so the interval of energies E i that can be detected is from E i (0.5 MeV,t) to E i (7 MeV,t). These limits are plotted in Fig. 14, showing that as t increases, the width of the detectable incident energy interval becomes smaller. If a single filter provides for efficient detection of all energies of interest and if no other particles will be detectable under the same circumstances, then a simple count of tracks provides a yield ͑as discussed for alphas in Ref. 9 and in Sec. IV͒. For example, an aluminum filter 1100 m thick provides a detection interval from about E i ϭ13.8 to 16 MeV, which is usually wide enough to cover most of the width of a 14.7 MeV D 3 He proton line from reaction ͑5͒. It is not wide enough to cover the 12.6 -17.5 MeV birth-energy range of secondary protons from reaction ͑9͒, and it will miss most of the D 3 He proton line if that line has lost energy while passing through the shell of an imploded capsule.
Spectral information with higher resolution is available through two other approaches. The approach adopted here uses the fact that the diameter of a proton track in CR-39 is directly related to the incident energy E c of the proton. Theo-FIG. 14. The solid lines show, for a given filter thickness, the energies of protons that can be ranged down to the highest and lowest energies detectable by CR-39 with 100% efficiency. The broken lines show the energies of protons that will be ranged down to the highest and lowest energies useful for spectral measurements by CR-39. ͑The effects of energy straggling have been ignored.͒ FIG. 15 . The relationship between a proton's energies before and after passing through aluminum filters of different thicknesses. The values plotted here were generated using the program SRIM ͑Refs. 54 and 55͒, and ignore energy straggling.
retically, a proton spectrum could be reconstructed from a diameter histogram. But at the highest energies shown in Fig.  6 , and also near the diameter peak, there would be significant energy uncertainties since a small error in diameter would translate into a large error in deduced energy. At the lowenergy end it would also be necessary to use contrast information to discriminate between tracks with the same diameter on opposite sides of the diameter peak. Realistically, accurate spectrum reconstruction is typically limited to the interval E c Ϸ1.5-3 MeV, where we can write
If N is the number of proton tracks per unit area having diameters between D and DϩdD behind a filter of thickness t, then N is also the number of protons per unit area in the incident spectrum between energies E i (E c (D),t) and E i (E c (DϩdD),t). The width of the interval in E i for which a spectrum can be reconstructed in this way is shown in Fig. 14. The widest interval that can be covered at 15 MeV is about 0.8 MeV. Another approach to spectrum reconstruction, using the relationship between a particle's energy and the depth of its track in CR-39, requires that particles strike CR-39 at an angle and has been used for alphas 60 and protons. 21 Because of the limited interval of particle energies that can be accurately studied with a single filter thickness, it is natural in many applications to use a ''step'' filter with sections of different thickness. Small numbers of steps have been used, without calculating spectral structure within each step, for broadband spectral information in ICF experiments for deuterons and tritons 10, 15 and for protons, 12, 16, 19, 22, 23 while up to 20 steps, with spectral decomposition within each step, have been used for more detailed proton spectra from the interaction of high-intensity, short-pulse lasers with solids.
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C. Wedge-range-filter spectrometers
A generalization of the step wedge leads us to a filter with continuously varying thickness, which has advantages for compactness and for data reduction. Combined with a piece of CR-39, as illustrated schematically in Fig. 16 , this filter forms a wedge-range-filter ͑WRF͒ spectrometer. By using a wedge with an appropriate range of thicknesses, it is possible to make an accurate reconstruction of a proton spectrum over a wide interval of incident energies by applying the technique discussed in the last section. The range of thicknesses required for a given energy interval can be determined from Fig. 14. A group of WRF spectrometers has been fabricated and used for the study of protons from 8 to 18 MeV using aluminum wedges covering the thickness range 400-1800 m over an active area of about 2 cmϫ2 cm. Because it is occasionally found that the proton fluence ͑but not energy͒ varies with position, as described in Sec. VI A 2, the WRF design incorporates strips of uniform filter thickness just outside the wedge region. If the proton fluence is seen to vary significantly along a strip parallel to the wedge gradient, the variation can be quantified for use in correcting data taken behind the wedge; uncorrected, such variations can result in a small amount of distortion in the shape of an inferred spectrum, but very little error in the mean energy and no error in the energy endpoints.
In practice, the most difficult aspect of WRF implementation has been calibration. Filter fabrication with thickness errors under 5 m is desirable, but has not been achieved thus far. In order to compensate for fabrication errors and for any errors in the theoretical model for proton energy loss in the filter, an end-to-end test and calibration for each filter was carried out with monoenergetic protons from the accelerator described in Sec. III. Deviations from ideal behavior were determined for each individual WRF and incorporated in data reduction algorithms. The current absolute measurement uncertainties ͑not including counting statistics͒ are about Ϯ0.1 MeV for energy and 12% for yield; future work with better fabrication accuracy should reduce these uncertainties. The response function of the WRFs to a monoenergetic, 13.8 MeV proton beam was measured to be roughly Gaussian, with a standard deviation of about 0.15 MeV; this is slightly larger than what would be expected due to the effects of energy straggling of the protons as they pass through the filter.
The WRF package is very compact, making it practical for fielding at many different locations during the same implosion, for symmetry studies; as many as eight have been used at one time. In addition, they can be placed relatively close to a target when the yield is expected to be low. Useful spectra have been measured for yields as low as 10 5 /MeV, which is more than 2 orders of magnitude lower than the limit for the magnet-based spectrometers. They have also been used for yields as high as 10 10 /MeV ͑this requires placement near the wall of the target chamber͒. They will not work for yields of 10 11 /MeV or more, unless they can be moved well outside the OMEGA target chamber, because of track overlap in the CR-39. While they could be used for spectra of D or T, rather than protons, they are usually not FIG. 16 . Schematic illustration of a WRF proton spectrometer. The spectrometer itself consists primarily of a filter with a wedge-shaped cross section ͑thickness t varying along its length͒ and a sheet of CR-39. Some of the protons incident on the filter are energetic enough to pass through it, and they impinge on the CR-39, creating tracks of damage sites. After etching in NaOH, each of these tracks opens up into a hole at the surface with a diameter that depends on the proton energy ͑see Sec. III C and Fig. 6͒ . A two-dimensional histogram of the number of tracks as a function of diameter and t can be converted into a histogram of protons per MeV in the incident proton spectrum. used for overlapping spectra of different particle types as the magnet-based spectrometers are; the CPSs can separate particles on the basis of both trajectory in a magnetic field and track diameter, while the WRFs as described here work only with track diameter and contrast and cannot always discriminate between different particle types with the same track diameter. Larger maximum WRF thicknesses will be used for protons of higher energy ͓e.g., the tertiary protons from Eq. ͑19͔͒ in the future, but the present design has proven very useful for D 3 He p, secondary D 3 He p, and knock-on p. It has been brought to our attention that CR-39 and a wedgeshaped range filter have also been used in a different context to measure endpoint energies of proton spectra. Figure 17 shows one of the CPSs being mounted on the OMEGA target chamber. Figure 18 illustrates the positions of diagnostic ports on OMEGA, and shows the mount positions of the CPSs and the locations of nine other ports which have been used for RF and WRF measurements ͑labeled TIM1-TIM6, and KO1-KO3͒. CPS1 and CPS2 have fixed capsule-detector distances of 235 and 100 cm, respectively, and are separated by 101°with respect to the capsule position. The RF and WRF detectors can be placed at distances from the capsule of 5-175 cm.
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V. SPECTRA FROM CAPSULE IMPLOSIONS AT OMEGA
A. Experimental setup
Other diagnostic instruments operate during capsule implosions, and of particular interest to us are the neutron diagnostics. Yields of primary neutrons are measured by Cu activation ͑for DT neutrons͒ and In activation ͑for DD neutrons͒. Yield-averaged ion temperatures are measured with a neutron time-of-flight ͑NTOF͒ diagnostic, 63 and secondary neutron yields Y 2n are measured with a TOF diagnostic, Cu activation, or the MEDUSA 64 scintillator array. Current OMEGA experiments utilize room-temperature capsules with fuel in gas form, and some cryogenic D 2 capsules. Since a major priority is development of techniques that will lead to high-performance cryogenic-capsule implosion, many experiments utilize room-temperature capsules with plastic shells from 15 to 24 m thick and fuel pressures from 3 to 15 atm; these have predicted hydrodynamic properties relevant to those expected for cryogenic capsules. 65 The fuel composition is varied in these experiments, largely in order to obtain complementary diagnostic information. Thinner shells, and shells with different composition, are also occasionally used for special purposes.
We now look at data from a number of OMEGA implosions representing different fuel and shell types to clarify the principles of the spectrometers. All data correspond to experiments in which the laser pulse is 1 ns long, with nominally constant intensity; total laser energy varies, but is in the range from 12 to 24 kJ. Target capsule diameters are all in the vicinity of 900 m, and the processing of CR-39 will be assumed to follow the procedures discussed in Sec. III B.
B. Spectra from an implosion with D 3 He fuel
There are five charged primary fusion products from implosions of D 3 He-filled capsules ͑see ). If the shell is thin enough, four lower-energy products can also escape; they are always measured with the CPSs. This is illustrated in Fig. 19 , which shows CPS2-measured spectra for five particle species from OMEGA implosion 20297. The capsule had 15 atm of D 3 He fuel in a thin glass shell 2.5 m thick. It was irradiated with 12 kJ of laser power in a 1 ns square pulse by 30 laser beams; the yield-averaged ion temperature was measured to be 9.5 keV, and the DD neutron yield was 2.3ϫ10 ϳ3 MeV DD protons, ϳ1 MeV DD tritons, and ϳ3.6-MeV D 3 He alphas all have nearly the same gyro radius in the magnetic field, so they appear at about the same position at the detector plane of the CPS ͑and they overlap in position, because of the finite width of the lines͒. Since the diameters of the tracks are different for the three particles, they can be counted separately for measurement of their respective spectra. This is illustrated in Fig. 20 , which shows the tracks at one particular position, and Fig. 21 , which shows how the track diameters remain separate at all positions.
For each line it is possible to measure a mean energy, a linewidth, and a yield. The yields of the DD and D 3 He proton lines, which will be referred to in Sec. VI, are 2.7 ϫ10 10 and 1.3ϫ10 10 , respectively. We note that CR-39 detection efficiency of about 1.1ϫ10 Ϫ4 for DD neutrons was mentioned in Sec. III. Since the fluxes of DD neutrons and D 3 He protons are comparable, a signal-to-background ratio ͑S/B͒ of about 10 4 is obtained for spectra of the protons. Intrinsic noise is also negligible in this case, and the noise levels in the measured spectra are dominated strictly by counting statistics.
C. Spectra from an implosion with D 2 fuel
The previous subsection included spectra of DD protons, tritons, and 3 He from reactions ͑1͒ and ͑2͒ in capsules with D 3 He fuel. The same reactions occur when the fuel consists only of D, and the same spectra can be measured as long as the shell is thin enough for a given particle to escape. The other charged-particle spectrum that is important for D 2 implosions is that of secondary protons from reaction ͑9͒, which are important for measuring fuel and shell ͗R͘ as discussed in Sec. VI. This spectrum can be measured with either WRF spectrometers ͑if the proton yield is in the range 10 6 -10 10 ) or the magnet-based CPS2 ͑if the proton yield is in the range 10 8 -10 13 ). OMEGA implosion 21210 involved 15 atm of D 2 fuel in a 24.1-m-thick CH shell, and 23.5 kJ of laser light applied with 60 beams in a 1 ns square laser pulse. The ion temperature was measured to be 2.7 keV, while the yields of primary DD neutrons and secondary DT neutrons were 6.4ϫ10 10 and 1.3ϫ10 8 , respectively. Since secondary-proton yields are of order 10 Ϫ3 relative to primary DD neutrons, while CR-39 response to the neutrons is of order 10 Ϫ4 , the signal-tobackground level for WRF measurements is usually S/Bϳ5-10. The relatively low flux levels make it desirable to place the WRFs fairly close to the capsules ͑15 cm in this case͒. Figure 22 shows a WRF-measured spectrum for which the mean proton energy was 12.9 MeV and the total yield was 7.6ϫ10 7 protons.
D. Spectra from implosions with DT fuel
The most-used spectra from DT implosions are those of knock-on D and T from the fuel ͓reactions ͑12͒ and ͑13͔͒, which are measured with the CPSs, and knock-on p from the shell ͓reaction ͑11͔͒, which can be measured with either CPS or WRF. 33 In the CPSs, the D, T, and p have overlapping trajectories like the primary products of D 3 He implosions described above in Sec. V B. Figure 23 shows a simple example of how track diameters differentiate the particles and allow them to be studied separately. A filter of one thickness was used over the entire CR-39 area in this case, making it particularly easy to see the continuous variations of track diameter versus energy for each particle. Separation of the particles on the basis of diameter, and subtraction of appropriate background levels, are involved in converting these data to spectra. In most situations a more complicated filter is now used, with thickness varying with position to make possible the coverage of a wider energy range for more particles on one piece of CR-39. CPS2-and WRF-measured spectra of the three knock-on particles from a more recent OMEGA implosion, number 23 445, are shown in Fig. 24 . In this case the capsule contained 15 atm of DT gas in a CH shell 18.9 m thick, and was irradiated with a 1 ns, 23.2 kJ pulse of laser light from 60 beams. The parameters of these spectra and their physical significance will be discussed in Sec. VI.
The CPSs can also be used to measure spectra of primary DT alphas from reaction ͑3͒; an example will be shown below for a DT 3 He implosion. Another way to measure the yield of these alphas involves a simple RF detector consisting of CR-39 covered by a 6 m Al filter. The number of tracks per unit area, multiplied by the area of a sphere with the radius of the detector, gives the total yield. This technique was recently used to cross-calibrate the detection of alphas by CR-39 with the measurement of DT-neutron yields by Cu activation and by MEDUSA. Since the alphas and neutrons come from the same reaction ͑3͒, their yields should be identical. Data were taken during three low-yield implosions of DT-filled capsules with 3.7-m-thick CH shells and low fill pressures ͑0.04, 0.001, and 0.001 atm͒, irradiated by low laser energy ͑5 kJ in 30 beams twice, and 10 kJ in 60 beams once͒. The alphas were detected by CPS1, CPS2, and eight RF detectors located 20 cm from the capsules at different port locations ͑see Fig. 18͒ . The results are shown in Fig. 25 . Data from implosion 19 684 illustrate excellent agreement between yields measured with Cu activation ͓(6.02Ϯ0.23)ϫ10
8 ͔ and with charged-particle measurements ͓on average (6.0Ϯ0 .2)ϫ10 8 ]. In the data from implosions 19 685 and 19 686, the ratio of average RFmeasured alpha yield to average MEDUSA-measured neutron yield was 1.11Ϯ0.12, indicating statistical compatibility between these diagnostics. The conclusion drawn from these measurements is that the three different methods of measuring DT yields are consistent with each other, while the CR-39 efficiency is 100% for detecting the alphas. It is also notable that there are spatial variations within the measured charged-particle yields for each implosion ͑e.g., ϳ13% about the mean for implosion 19 684͒; this will be discussed in Sec. VI A.
E. Spectra from implosions with more complicated fuels
Implosions of capsules with more exotic fuel and/or shell structure have also been performed. Figure 26 illustrates spectra of four fusion lines from an implosion involving DT 3 He fuel. This is of interest primarily as another illustration of the simultaneous measurement of multiple spectra and as an example of the T 3 He deuteron line. Implosions of capsules with DTH fuel in glass shells 20 or pure CD shells 34 have recently provided spectra of proton knock-ons from the fuel, which make possible the study of fuel ͗R͘ ͑as described in Sec. VI B for knock-on deuterons and protons͒. Data from multiple WRF spectrometers were used in Ref. 36 to study shell symmetry. Other types of capsules with multilayer shells have been used to determine the degree of interpenetration of fuel and shell ͑see Sec. VI E and Refs. 66 -69 and 37͒.
F. ''Ablator'' ions
Fast protons from the shell, accelerated to energies up to 1.4 MeV by electrostatic fields in the laser-plasma interaction region ͑see Sec. VI A͒ are observed in large numbers at laser intensities of ϳ10 15 W/cm 2 . 32 Such maximum proton energies are much higher than would be expected from comparisons with other laser experiments performed at the same I 2 , where I is the laser intensity and is the laser wavelength. In addition to protons, heavier fast ions, such as carbon, have also been observed, though quantitative analysis is complicated by the difficulty in identifying the multiple charge states. The proton spectra sometimes show distinctive, regular line features, as illustrated in Fig. 27 ; the precise mechanism behind the generation of these lines is not understood, but it is possible that they are associated with ion acoustic perturbations in the plasma. Another theory is based on a periodically discharging target releasing particles at decreasing energies.
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VI. DIAGNOSTIC USE OF CHARGED-PARTICLE SPECTRA
To put the methods described here in a better physical context, and to point out important issues affecting their use and interpretation, this section provides a brief overview of some of the ways they are actually used, citing data from Sec. V and other publications for examples. For simplicity, measurement uncertainties are ignored and references to other papers are given for more details of analysis and interpretation. The discussion is divided according to physical regions. Conditions outside the imploded capsules ͑Sec. VI A͒ can sometimes affect the charged particles during their passage from capsule to detector and have an impact on analyses of charged-particle data. The fuel material ͑Sec. VI B͒ and shell material ͑Sec. VI C͒ in compressed capsules are considered separately, although it is likely that there is a region in which the two are actually mixed together as a consequence of instabilities at the interface ͑Sec. VI E͒. Capsule symmetry is discussed in Sec. VI F. All measurements illustrated here correspond to time averages. Most fusion products are generated during a fairly short ͑ϳ150 ps͒ burn interval, while ions from the shell coming from laser-plasma interactions are generated during the laser pulse ͑ϳ1 ns long͒. As mentioned below ͑Sec. VI A͒, the burn interval may occur during or after the laser pulse, depending on the capsule type and laser conditions.
A. Conditions outside the compressed capsule
Particle energy modification through electrostatic acceleration
Charged-particle measurements have demonstrated that the energies of particles from certain types of implosions exceed their theoretical birth energies by 0.5 MeV or more 4, 5, 17, 29, 30, 32 ͑see Fig. 26͒ . Laser-plasma interactions in the target corona result in the escape of hot electrons from the target, charging the capsule to a positive potential and accelerating positively charged ions leaving the capsule. The potential is peaked near the beginning of the laser pulse and decays steadily thereafter; 6, 11 it is negligible by a few hundred ps after the termination of an OMEGA laser pulse, as demonstrated in a series of experiments 33 involving measurement of many spectra of knock-on protons from the 20-mthick CH shells of DT-filled capsules imploded at OMEGA with 1 ns laser pulses. The protons, which in these experiments are generated 300-600 ps after completion of the laser pulse, were found to have a high-energy endpoint at the FIG. 24 . Knock-on data from OMEGA implosion 23 445 ͑15 atm DT fuel in a 18.9 m CH shell 932 m in diameter; a 1 ns square laser pulse with 23.2 kJ of on-target energy; a measured T i of 4.1 keV and a DT n yield of 1.95ϫ10 13 ). Plots ͑a͒ and ͑b͒ illustrate the nature of raw data from CPS2, showing contours of the number of tracks vs. track diameter and detection position parameterized by particle energy. The filter covering the CR-39 was made in several segments to optimize the detectability of the desired particle over a wide energy range. In ͑a͒ there are five different filter thicknesses, and the deuteron diameter can be seen to change at each filter boundary. In ͑b͒, there are two filter thicknesses. The knock-on D spectrum ͑c͒ was calculated from the D data illustrated in ͑a͒, and the yield ͑as defined in the caption of Fig. 3͒ is 1.5  ϫ10 9 . The knock-on T spectrum ͑d͒ was calculated from the T data illustrated in ͑b͒; a yield cannot be measured because of the distortion in shape caused by a large energy downshift relative to the birth spectrum. The knock-on proton spectrum shown in ͑e͒ was calculated from WRF data; the yield per MeV in the flat region is 2.6ϫ10 9 .
birth-spectrum limit of 14.1 MeV to within experimental uncertainties ͓see Fig. 24͑e͔͒ . Since the endpoint energy corresponds to protons scattered at the surface of the shell, there is no energy loss due to interactions with the shell plasma; if there were any acceleration it would be observed directly as an increase in this energy. Whether charged fusion products are accelerated therefore depends on whether the burn interval occurs during the laser pulse, as it tends to for implosion of thin-shell capsules, or after the laser pulse, as it does for implosions of capsules with thick shells ͑such as 20 m of CH͒. The measured energy of any charged fusion product is determined by its birth energy, by any acceleration it experiences, and by the slowing down it experiences due to interactions with the fuel and shell plasma. In the case of thin-shell capsules, simultaneous data from several particles can sometimes be used to separate the contributions of acceleration and slowing down, as discussed in Sec. VI G. In the case of thick-shell capsules, acceleration can generally be ignored and all modification of particle energy can be attributed to energy losses due to slowing in the plasma. This is important for the analyses described below.
Possible modification of locally measured yields
As shown in Fig. 25 , it is sometimes found that different yields are measured at different angles with respect to a capsule during the same implosion. This effect has also been noted for measurements of secondary protons 22, 34 and discussed in more detail for other scenarios in Ref. 35 . When measurements display such spatial variations, they typically have a distribution of values with standard deviation of order 20% about the mean. Although spatial variations in energy are sometimes seen ͑as discussed in Sec. VI C͒, they are generally not correlated with yield variations. In fact, measurements that show yield variations very often accompanied by no energy variations, leading us to believe that the yield variations probably do not result from structure in the capsule. Something is changing particles' directions without changing their energies; while a complete explanation is lacking, two possibilities are small azimuthal electric fields or magnetic fields outside the capsules. 25, 35 Regardless of the mechanism behind the variations, they indicate that any yield inferred from a single detector measurement may deviate from the total yield over 4 steradians, and that the uncertainty may be of order 20%. Simultaneous measurements at different positions, with different detectors, reduces this uncertainty. Until the explicit discussion of asymmetries, below, we will ignore them for simplicity. In this case the yields were high; a short CR-39 etch time ͑ϳ10 min͒ was used to make the track diameters small in order to avoid overlap, and high magnification ͑ϫ100 objective͒ was used to count the small tracks that resulted.
B. The compressed fuel
Primary fusion yields
Yields of primary fusion reactions provide one of the most fundamental indicators of implosion performance, and measurements of primary neutron yields have traditionally performed this function. When charged fusion products are energetic enough to escape the shell and be measured, their yields provide an alternative to measured neutron yields. When yields of more than one primary reaction can be measured separately, it is sometimes possible to use them to estimate the fuel temperature, as described below.
Areal density
The fuel areal density ͗R͘ at burn time, the integral of (r)dr from rϭ0 to the outer boundary of the fuel, provides an important measure of radial compression. Two methods of estimating ͗R͘ fuel from charged-particle measurements rely on the same basic principle: An energetic primary fusion product interacts with the thermal fuel to produce a secondary product; the ratio of the secondary yield (Y 2 ) to the primary yield (Y 1 ) is proportional to the number of fuel ''targets'' encountered by the primary product, and this is related to the areal density. The ''knock-on'' method applies to DT implosions, where the primary product is the 14.1 MeV DT neutron from reaction ͑3͒ and the secondary product is either the elastically scattered knock-on D or the knock-on T from reactions ͑12͒ and ͑13͒. 7, 10, 15, 20, 33 The ''secondary-proton'' method applies to D 2 implosions, where the primary product is the 3 He from DD reaction ͑2͒ and the secondary product is the D 3 He proton from reaction ͑9͒. 8, 12, 16, 22, 34 Both methods can be described through the equations
where ͗L͘ fuel is the mean path through the fuel for the primary fusion product, B 21 is a coefficient shown in Table II and A fRL is a geometric parameter close to 1 that depends on the radial distribution of the production of primaries within the fuel and the radial distribution of . The shapes of these radial profiles are not usually known, although new methods of measuring them directly with charged-particle data 71 are showing promise. As a result, analyses are often performed with one of two simple models. In the ''hot-spot'' model of fuel structure, where the fuel is spatially uniform except that primaries come from an infinitesimal hot spot at the center, A fRL ϭ1.0. In the ''uniform'' model of fuel structure, with primaries produced everywhere, A fRL ϭ1. 33 .
A practical complication in the knock-on method is that it is hard to measure the yield if the spectrum is downshifted greatly, because distortion of the spectrum shape makes it difficult to isolate the equivalent of the high-energy peak in the birth spectrum ͓compare Figs. 3 and 24͑d͔͒ . A complication in the secondary-proton method is that DD 3 He slow down continuously due to normal interactions with the plasma until they either become thermalized or react with a deuteron via reaction ͑9͒. If they lose all of their energy before they leave the fuel, either because ͗R͘ fuel is large or because the rate at which they lose energy is large ͑as when the temperature is low͒, the proportionality of the yield ratio to ͗L͘ fuel is lost and a saturation occurs as shown in Fig. 28 .
For data in the saturated region, it is possible to determine only a lower limit on ͗L͘ fuel with this method ͑although the saturated yield ratio can be used to estimate the fuel electron temperature if that temperature can be assumed uniform as discussed in Sec. VI B 5͒. 34 Making the saturation issue more important is the fact that the actual saturation limit may be lower than estimated from the yield-averaged ion temperature if the outer portion of the fuel is cold, as it may be if a large amount of shell material is mixed into the fuel.
As illustrations, we can apply Eqs. ͑24͒ and ͑25͒ to data from Sec. V for OMEGA implosions 23 445 and 21 210, using the parameters from spectra in Figs. 24͑c͒ and Ϫ3 is close to the saturation limit for the measured ion temperature of 2.7 keV ͑as shown in Fig. 28͒ . We therefore find ͗L͘ fuel graphically rather than with Eq. ͑24͒, to obtain 6 mg/cm 2 ͑hot-spot model͒ or 8 mg/cm 2 ͑uniform model͒. Corresponding values of ͗R͘ fuel are 6 mg/cm 2 ͑hot-spot model͒ or 10 mg/cm 2 ͑uniform model͒, and they might be regarded as lower limits because of the proximity of the yield to the saturation limit.
The knock-on and secondary-proton methods have both been used in studies of how different laser conditions affect implosion performance, 33, 34, 67 where it was shown 33, 34 that the knock-on method gives ͗R͘ fuel values for DT-capsule implosions that are very similar to those obtained with the secondary-proton method for D 2 -capsule implosions when laser conditions and capsules are similar and the only difference is in the fuel composition.
Another related method for estimating ͗R͘ fuel in D 2 implosions involves measurement of the yield of secondary neutrons from reaction ͑10͒. 16, 18 This method has the advantage that the yield ratio Y 2 /Y 1 saturates at a higher value of ͗L͘ fuel than the yield ratio for secondary protons, but the disadvantage that the relationship between the yield ratio and ͗L͘ fuel is nonlinear and temperature sensitive even below the saturation region. Partly as a consequence of this temperature dependence, the secondary-neutron method often gives values of ͗L͘ fuel somewhat higher ͑by up to a factor For implosions of capsules containing fuel with equal number densities of D and T, and yields defined as described in the caption of Fig. 3 . c For implosions of capsules containing D 2 fuel, and subject to the limitations described in the text. This value is accurate for plasma electron temperatures up to about 10 keV and for values of ͗L͘ below saturation. The ''Ϯ10%'' represents the fact that B 21 varies slightly with ͗L͘ and slightly with plasma temperature, as shown in Fig. 28. of 2͒ than those derived with the secondary-proton method. 34 This discrepancy may be exacerbated by the effects of fuelshell mix, since it is known that the cooling of the outer region of the fuel due to mix can enhance the secondary neutron yield while diminishing the secondary proton yield. 
Radial compression
The radial compression ratio CR for a gas-filled capsule is defined as the ratio of the uncompressed fuel radius R 0 to the final fuel radius and can be written
where 0 is the uncompressed mass density and the coefficient Q depends on (r) in the compressed fuel. 
Ion temperature
One method for studying the fuel ion temperature T i with line spectra of charged, primary fusion products is to determine the temperature necessary to explain the linewidths by thermal broadening. Reactions in a uniform, thermal plasma produce particle spectra whose shapes have the form exp͓Ϫ(EϪ͗E͘) 2 /2 2 ͔; the ion temperature is related to the Doppler width through the expression T i ϭ 2 /C, where T i and are both in keV and C is 5880 for D 3 He products, 5630 for DT products, and 1510 for DD-p and DD-T. 29 Early attempts were made to apply this method with the DT-␣ spectral line from thin-shell capsules, as measured with a scintillator-based TOF diagnostic, 1,6 but the result was thought to represent an upper limit on T i because there are other sources of line broadening ͑which could include different pathlengths through the shell, time-varying acceleration, or R time evolution͒. Similar problems were found for D 3 He protons. 33 Attempts have also been made with DD protons. 21, 24 Another method makes use of the fact that, if products of more than one reaction can be detected simultaneously, the possibility exists for comparing the ratio of their yields to the ratio of the theoretical rates for the reactions. Since these rate ratios often vary with ion temperature ͑see Figs. 1 and 29͒, yield measurements can be used to estimate a yield-averaged fuel ion temperature. This has been done with TOF spectral measurements of DT-␣ and DD-p yields from DT plasmas, 6 and more recently with CPS measurements of DD-p and D 3 He-p yields from D 3 He plasmas. 33 As an example, the ratio Y DD-p /Y D 3 He from the spectra shown in Fig. 19 implies ͑by way of Fig. 29͒ an ion temperature of 8 keV; the ratio Y DD-n /Y D 3 He ͑using the neutron yield measured with the NTOF diagnostic͒ implies T i Х9 keV. These can be compared with the temperature of 9.5 keV that was measured with NTOF, and the agreement is reasonable. Figure 30 shows similar data from a wide range of implosions, demon- FIG. 28 . Relationship of secondary yield (Y 2 ) to associated primary yield (Y 1 ) and the mean pathlength of primaries in the fuel (͗L͘ fuel ) for reactions ͑9͒, ͑12͒, and ͑13͒. The curves for secondary protons, shown for both hot-spot and uniform models, are calculated as in Ref. 34 except that the temperature dependence of reaction ͑9͒ was included here ͑the difference is very small for temperatures р10 keV͒; a fuel density of 3 g/cm 3 was assumed, but the dependence on density is very weak and affects only the saturation levels. The electron temperatures labeling the different proton curves correspond to the bulk of the fuel volume in which the secondaries are generated; in the uniform model this is equivalent to the ion temperature measured by neutron diagnostics, but in the hot-spot model it can be lower. The curves for knock-on deuterons and tritons, taken from Ref. 33 , are the same for the hot-spot and uniform models. They are also independent of temperature and density.
FIG. 29.
The ratio of the DD neutron and proton yields to the D-3 He proton yield, plotted against ion temperature ͑from the rate coefficients in Fig. 1͒. strating reasonable agreement between charged-particlederived temperatures and neutron-derived temperatures over a substantial range of temperature.
Electron temperature
As mentioned above, secondary protons from implosions of D 2 -filled capsules have the characteristic that the ratio of their yield to the yield of primary DD neutrons is a linear function of ͗R͘ fuel , but that for a given fuel temperature there is a maximum value of this yield ratio ͑see Fig. 28 and Ref. 34͒. While this limits the regime in which secondaryproton yields provide direct information about ͗R͘ fuel , it opens up the possibility of using the yield to estimate the mean fuel electron temperature if the yield is known to be saturated and the fuel temperature can be assumed to be uniform.
C. Shell areal density
Part of the shell is ablated away during laser exposure.
The areal density ͗R͘ shell of the remainder is the integral of (r)dr from the inner boundary of the shell to the outer boundary, and it can be studied with two basic methods using charged particles. The first method involves inferring ͗R͘ shell from the energy lost by particles of known birth energy due to slowing in the shell ͑Fig. 31 illustrates the values of ͗R͘ for which protons of three important energies could escape and be detected͒. The second method involves measuring the fraction of primary neutrons that produce knock-on protons from the shell, which is proportional to ͗R͘ shell . With both methods, the quantity directly inferred is the mean path through the shell for the charged particles or neutrons from the fuel, or ͗L͘ shell . The ratio A sRL ϵ͗R͘ shell /͗L͘ shell is 1 in the limiting case of the hot-spot fuel model, and smaller than 1 in all other cases by an amount that depends on the ratio of shell thickness to shell radius and on the radial distribution of charged-particle generation in the fuel ͑see Fig. 32͒ .
The energy-loss method requires the absence of acceleration effects and the use of a theoretical formalism such as that of Ref. 72 to relate dE/d͗L͘ to plasma parameters ͑it can vary with plasma density, electron temperature T e , and chemical composition͒. Such measurements have been attempted using DD protons; 21, 25 using DD protons and DT alphas; 6, 11, 13 and using DD tritons, DD protons, D 3 He alphas, and D 3 He protons. 31 The difficulty with using the lowenergy particles is that dE/d͗L͘ is sensitive to T e ͑as shown in Fig. 33͒ because the particle velocities are comparable to plasma electron velocities. This problem was solved in Refs. 6, 11, 13, and 31 by using downshifts of different particles to determine self-consistent values of T e and ͗L͘.
These measurements can also be distorted by acceleration, which is often present for thin-shell capsules; spectra of at least three particle types are then necessary for ͗L͘ determination. 31 For thick-shell capsules of the type under consideration here, the acceleration problem disappears and single energy loss measurements of protons with energies ϳ15 MeV can be used because their velocities are high enough to make dE/d͗L͘ independent of shell T e for typical shell T e ͑see Fig. 33͒ and also insensitive to density and In the case of thick-shell capsules with D 3 He fuel, the energy loss of primary 14.7 MeV protons has been used to estimate ͗R͘ shell as discussed in detail in Ref. 30 . For thickshell capsules with D 2 fuel, secondary protons can be used. 34 As an example, we can look again at data from implosion 21 210 ͑Fig. 23͒. The mean proton energy was 13.0 MeV, while the mean birth energy was 15.0 MeV, so the mean energy loss was 2.0 MeV and must be accounted for by losses in the fuel and losses in the shell. Since the radial profiles of the plasma parameters are not known, implications of the two different models discussed in Sec. VI B 2 will be found with results for the hot-spot model quoted first and results for the uniform model given in brackets. Energy losses in the fuel can be estimated from ͗R͘ fuel ϭ6͓10͔ where dY KO-p /dE is the yield per MeV in the spectrum. This method has the advantage of being independent of temperature and density. The yield per MeV for implosion 23445 ͓from Fig. 24͑e͔͒ was 2.6ϫ10 9 , and implies that ͗L͘ shell ϭ57 mg/cm 2 . In the case of the hot-spot model, ͗R͘ shell ϭ͗L͘ shell ϭ57 mg/cm 2 . For the uniform model, the coefficient A sRL can be estimated from the compression ratio CR ͑Sec. VI B 3͒ and other parameters to be about 0.81, implying ͗R͘ shell Ϸ46 mg/cm 2 .
As described above for studies of ͗R͘ fuel , both knock-on and secondary-proton methods have been used in studies of how different laser conditions affect implosion performance. 33, 34, 67 It was shown 33, 34 that the knock-on method gives ͗R͘ shell values for DT-capsule implosions that are very similar to those obtained with the secondary-proton method for D 2 -capsule implosions when the only difference is in the fuel composition.
D. Shock-generated proton yields and the time evolution of capsule areal density
Implosions of D 3 He-filled capsules sometimes result in spectra of D 3 He protons with two clearly separated peaks. 30, 68 Most of the yield appears in a line that is downshifted in energy by an amount that reflects the areal density of the capsule at burn time, but if that line is downshifted enough ͑e.g., by 2 MeV͒ then a smaller line is often visible at an energy very close to the birth energy of 14.7 MeV. This line is downshifted by only a few hundred keV and represents a time ϳ400 ps before the burn time when a portion of the fuel is temporarily compressed and heated by a shock wave; measurement of the downshift provides an estimate of the total areal density at that point in time. New data on this ''shock yield,'' with special capsules, are also being used to study fuel/shell mix, as discussed in Ref. 68 and in the next section.
E. FuelÕshell mix
Experiments have been performed to investigate the mixing of fuel and shell materials at their interface, using capsules containing pure 3 He gas; the shells were made of CH, with total thickness 20 m, but each contained a 1 m sublayer of CD, offset from the inner shell surface by a different amount. 66 -69,37 D 3 He protons are produced only if mixing occurs to the depth of the CD sublayer, so implosions of capsules with different CD offsets can be used to determine how much of the shell is involved in the mix. Measured spectra of protons indicate that ϳ1 m of the inner surface of the original shell is typically mixed into the fuel. Other information about the mix has been obtained by comparison of the data with simulations. This involves constructing a model of the radial distributions of temperature and density of fuel and shell materials, including an overlapping mix region, and varying the model parameters in order to match all of the diagnostic data including primary yields of charged particles and neutrons, secondary yields of protons, neutrons, and knock-ons, etc. Such modeling has indicated that a description of the mix region can be constrained relatively uniquely by the data.
F. Capsule implosion symmetry
One of the original goals of the charged-particle spectrometry program was the study of implosion symmetry at burn time, 26 and by utilizing up to ten spectrometers simultaneously ͑two CPSs and eight WRFs͒ it has recently been possible to obtain symmetry data for a number of types of implosions at OMEGA. Asymmetries in energy and yield have been observed, although they are not generally correlated with each other. Asymmetries in energy have been seen for primary 14.7 MeV protons from D 3 He-filled capsules 35 and for secondary protons from room-temperature and cryogenic D 2 -filled capsules. 34, 35 Since there are no acceleration effects for fusion products from these types of implosions, the energy differences can be attributed to differing amounts of slowing down in the capsule plasma. Low-mode-number variations seen in ͗L͘ total ͑calculated from variations in the mean energies of proton spectra measured at different angles about the capsule͒ have been as large as Ϯ50% about the average for capsules with thick CH shells, and often appear to be correlated with laser drive balance. 35 Evidence of higher-mode capsule structure can sometimes be seen within the shapes of individual spectra, because short-angularwavelength variations in shell thickness result in different energy losses for different particles and contribute to greater linewidths. This is discussed in the context of 14.7 MeV protons from thick-shell D 3 He-filled capsules in Ref. 35 . For discussions of measurements of the linewidths of low-energy fusion products ͑3.5 MeV DT ␣ and 3 MeV DD p) from capsules with low R, and their interpretation as indicators of shell thickness variations, see Refs. 24 and 25.
G. Slowing down of charged particles in plasmas
The first experimental verification of the general form of theories for the slowing down of charged particles in plasmas has been performed with measurements of charged-particle spectra from D 3 He implosions. 31 This was accomplished with simultaneous measurements of spectra of four different fusion products ͑DD triton, D 3 He alpha, DD proton, and D 3 He proton͒. Use of the separate measurements made it possible to separate the effects of electrostatic acceleration and plasma slowing, to eliminate other variables, and to look at the important dependence of slowing theories on particle energy ͑since the measurements correspond to particle velocities both above and below the thermal electron velocities in the plasma͒.
VII. DISCUSSION
The sample data shown here represent a small fraction of the work that has been performed with the spectrometers, and techniques are being expanded to include new types of measurements and new types of capsule implosions. An important current focus is implosions of cryogenic D 2 capsules, where WRF spectrometers are used to study secondary protons. Spectral measurements of knock-on D and T will be important for future cryogenic DT capsules. In the mean time, charged-particle data continue to be used in conjunction with other diagnostic data in studies of how capsules with room-temperature gas fills perform under different laser conditions, and special room-temperature targets are being studied for additional insights into implosion behavior and diagnostic techniques. Of particular interest are ongoing studies bearing on fuel-shell mix, shock-generated yields, and implosion symmetry for both direct-and indirect-drive experiments at OMEGA. Looking toward the future, it is anticipated that charged-particle spectrometers will also play an important role in ICF experiments at the National Ignition Facility. 73, 74 
